ABSTRACT Conformal coating (CC) is widely used to protect printed circuit board from corrosion, mold growth, and electrical failures. To ensure effective protection, the thickness of the CC layer needs to be well controlled. However, to date, the coating thickness is usually measured in a destructive way under microscopes. In this paper, we proposed to use optical coherence tomography (OCT) to measure the CC thickness nondestructively. Specifically, to obtain a good accuracy in thickness measurement, we constructed a spectral domain OCT with the ultra-high axial resolution to image the CC layer in three dimensions and developed an image segmentation algorithm to detect the CC layer from the OCT images. Finally, we evaluated the effectiveness of the proposed method by comparing it with the conventional method, and the results demonstrate that the measurement by our method is consistent with that by the microscope. This also indicates that OCT with high axial resolution can potentially be used to measure the CC thickness accurately and nondestructively.
I. INTRODUCTION
Conformal coating (CC) is a thin transparent layer with thickness of tens to hundreds micrometers, which is usually made of synthetic resin or plastic, applied on top of printed circuit boards (PCBs) [1] , [2] . It serves to protect PCBs from environmental, electrical, mechanical and chemical effects, such as moisture, dust, mechanical stress, thermal stress, corrosion, solvents, chemical vapors and so on. Consequently, CC has been widely used to increase the reliability and lifetime
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of PCBs, especially in automotive, avionics and military electronics [1] . For example, CC has proven to be an effective way to mitigate tin whisker to prevent arcing and short circuits. It has also been found that CC could prevent deep corrosion on nickel-palladium-gold-finished terminals [3] . To ensure an effective protection, the thickness of the conformal coating has been considered to be one of the key properties, and needs to be well controlled during the curing process and measured after the curing process is completed [4] .
The CC thickness can be measured either non-destructively or destructively. One simple non-destructive way is to measure directly with micrometer, which however requires a measurement on uncoated PCB as a base. Beta-backscatter method is another non-destructive way, yet careful calibration is required [5] . As for destructive measurement, the common way is to cut the PCB and measure the thickness of the coating from its cross-section under a microscope [6] . This method can only be carried out based on sampling inspection due to its destructive nature; and it is also timeconsuming and suffers from the intra-operator variation. In addition to those disadvantages mentioned above, both nondestructive and destructive measurement methods are only suited practically for point-measurement rather than areascanning. In industrial practice, however, area-scanning is needed to evaluate the coverage uniformity of the conformal coating, determining the protection efficacy [3] , [4] .
Optical coherence tomography (OCT) is a low-coherence optical interferometric imaging technique and can provide three-dimensional image of scattering medium nondestructively [7] . The axial resolution of OCT imaging is decoupled from the transverse resolution; and therefore, OCT is ideal for both layered structure imaging and layer thickness measurement, for example, its initial targeted application, retinal imaging [7] , [8] . Till now, OCT has been successfully applied in ophthalmic imaging as a clinical routine tool and also exhibited a great potential in other clinical areas, such as dermatology, cardiology, gastroenterology and so on [9] - [11] . In recent years, great efforts have also been devoted to applying OCT to nondestructive inspection in industry, in particular, to measure the thickness of various industrial materials and products, such as automotive paints, egg shell and multi-layered foils [12] - [14] , and the profile of the surface and internal interface [15] . In addition, OCT has also been used for inspecting jade, silicon integratedcircuits, industrial ceramics, LEDs and so on [16] - [20] . In particular for printed electronics products, OCT has been employed to evaluate the internal and surface structure of RF antenna and the encapsulation quality of organic field effect transistor [21] , [22] . However, these works employed time domain OCT setups, which is too slow (Axial line rate: <1000 Hz) and the axial scanning range is too short (≤ 300µm) to meet the inspection speed requirements. In addition, the femtosecond light source and the free space optics are very costly and complicated which precludes its industrial applications. Recently, Fourier-domain OCT has been introduced to monitor the structural properties of screen printed interdigitated electrodes in roll-to-roll process [20] . Although the imaging speed was improved by more than 100 times, the axial resolution of 4 µm is not enough for measuring the CC thickness accurately.
In this study, we specially designed a spectral-domain OCT system, which provides ultra-high depth resolution to ensure a high accuracy in thickness measurement, and also exhibits advantages of lower-cost, being more flexible and robust to facilitate industrial applications as compared to time-domain OCT. Furthermore, we developed an image segmentation algorithm to detect and measure the thickness of the CC layer from OCT images, which is more robust than the previous reported amplitude-based method [22] . We verified experimentally that the proposed SD-OCT and algorithm is an advanced tool for measuring the thickness of the PCB conformal coating.
II. METHODS

A. ULTRA-HIGH RESOLUTION OPTICAL COHERENCE TOMOGRAPHY
To accurately measure the thickness of the PCB conformal coating, a fiber-optic ultra-high resolution OCT system as shown in Fig. 1(a) was constructed in house for imaging. A free space beam-splitter could help the influence of the limited spectral response of the fiber-couplers. We used single mode fibers to deliver the sample and the reference light so that the system can achieve a modular construction for more flexible and robust operation. We chose a low-cost supercontinuum light source (SC-5, Yangtze Soton Laser, Wuhan, CHN) to meet the budget requirement of industrial applications. It has a center wavelength of 810 nm and a spectral bandwidth of 180 nm at full width at half maximum (FWHM) as shown in Fig. 1(b) . In the experiments, the light output power was measured to be 15.6 mW with the repetition rate and the power ratio set to be 5 MHz and 30%, respectively. The laser output was directed to a non-polarizing cubic 50:50 broadband beam-splitter (BS008, Thorlabs Inc., Newtown, NJ, USA) by a collimation lens L1 (AC050-010-B-ML, Thorlabs Inc., Newtown, NJ, USA) and a single mode fiber (630-HP, Thorlabs Inc., Newtown, NJ, USA). The beam was then split and directed into the reference arm and sample arm optics. While the reference arm consists of a lens L2 (AC050-010-B-ML, Thorlabs Inc., Newtown, NJ, USA), a single mode fiber (630-HP, Thorlabs Inc., Newtown, NJ, USA), a lens L3 (AC050-015-B-ML, Thorlabs Inc., Newtown, NJ, USA), an objective L4 (M Plan Apo NIR 20×-, Edmund Optics Inc., Barrington, NJ, USA) and a reference mirror, the sample arm optics followed the same path length as the reference arm, with the collimation lens L6 (identical to L3) and the objective lens L7 (identical to L4) for sample scanning.
The light reflected back from both arms was finally recombined by the beam splitter, and directed to the same type of single mode fiber (630-HP, Thorlabs Inc., Newtown, NJ, USA). The generated interference signals were eventually coupled into a spectrometer by a collimation lens L8 (AC050-010-B-ML, Thorlabs Inc., Newtown, NJ, USA). The optics (lens and fibers) in the sample and reference arms were specially chosen to be identical to minimize the dispersion. Tele-centric scanning system with two galvo scanners (GVSM002/M, Thorlabs Inc., Newtown, NJ, USA) was designed in the sample arm. The illumination power on the sample was measured to be 5.63 mW in the experiments. To compensate the dispersion effects caused by the fiber length difference between the two-arm optics, the method proposed in [23] was adopted for system calibration.
The spectrometer mentioned above was constructed with a collimation lens L9 (AC127-030-B-ML, Thorlabs, Newtown, NJ, USA), a diffraction grating (1200 l/mm @ 830nm, Wasatch Photonics, Logan, UT, USA), a camera lens (AF Nikkor 85mm f/1.8D, Nikon, Tokyo, JPN), and a line scan CCD array with 2048 pixels (AViiVA EM4, E2V, Chelmsford, ENG). The detected signal was transferred to a workstation through a camera link cable and an image acquisition card (KBN-PCE-CL4-F, Bitflow, Woburn, MA, USA) with a 12-bit digitization resolution. In our experiments, both the camera and the galvo scanners were synchronized by a triggering signal generated by the workstation. The effective camera detection range covered by the laser spectrum at FWHM was measured to be 1467 pixels. The spectrometer efficiency η, which is the ratio of the CCD detected energy per pixel to the incident energy per pixel as described by Eq. (1), was measured by blocking the sample arm optics while illuminating a reference light onto the spectrometer.
where F wd , Q e , S pr , τ , P s and b t are full-well depth, quantum efficiency, spectral response, exposure time, pixel size and bit depth of the camera, respectively. With the reference power P ref set to be 5.31 µW, the spectrometer efficiency η was measured to be 0.421 in this study.
B. ULTRA-HIGH RESOLUTION OCT SYSTEM CHARACTERIZATION
The ultra-high resolution OCT system performance is characterized by its spatial resolution in the transverse and axial directions, respectively. To determine the lateral resolution of the system, an en-face image of a 1951 USAF resolution chart was extracted from an acquired 3D volumetric image. As shown in Fig. 2(a) , Group 7 element 1 is the smallest pattern distinguishable, corresponding to a resolution of 7.8 µm (line pair width). While to measure the system axial resolution, we inserted an actuated iris diaphragm (SM05D5, Thorlabs Inc., Newtown, NJ, USA) with a total attenuation of 34.5 dB into the sample arm optics, and measured an A-line profile by placing a BK7 prism (with an attenuation of 14 dB) at the focal plane of the sample arm optics. As shown in Fig. 2(b) , the axial resolution was measured to be ∼ 1.72 µm in air. Furthermore, we also calculated the ratio of the A-line peak power to its root mean square value, and estimated the signalto-noise ratio (SNR) to be 47.4 dB at a path length difference of ∼ 95 µm. Hence, the ultra-high resolution OCT system overall sensitivity was estimated to be ∼95.9 dB.
C. SIGNAL PROCESSING 1) OCT SIGNAL PROCESSING AND IMAGE RECONSTRUCTION
In a spectrometer based OCT, the interferogram is sampled in the detector pixel space (n-space with n being the index of the detector pixels) other than uniform k-space. As a result, the sampled intereferogram needs to be remapped before being inversely Fourier-transformed to generate the depthprofile. In this paper, we employed an effective calibration method to remap the n-space 'chirped' interferograms to k-space perfect sinusoids. Such a calibration method is based on the idea that when a single reflector is used as the sample, OCT should generate a perfect sinusoidal interferogram in k-space, and thus a mapping vector could be found to remap the n-space 'chirped' interferograms. Specifically, the proposed calibration method consists of two main steps: firstly, two interferograms were recorded at different path lengths and subsequently a remapping vector was extracted via Hilbert transform, and then the k-space interferogram was obtained via linear interpolation; secondly, linear regression was employed to implement the dispersion compensation process to obtain the desired k-space interferograms.
Once the k-space interferograms were obtained, OCT signals were fast Fourier transformed to generate the crosssectional OCT images (B-scans). These cross-sectional images were also combined together to reconstruct the 3D images, and en-face images at different depths can be extracted by z-direction projection. Five adjacent original cross-sectional images were averaged to alleviate the influences of noise prior to implementing the coating thickness measurement algorithm.
2) COATING THICKNESS MEASUREMENT ALGORITHM
PCB is usually constructed with multiple layers and the layer underneath the conformal coating is the solder mask layer as shown in Figs. 3(a)-(b) . In certain regions of the PCB, there also exists a copper conductor layer (Fig. 3(b) ). These two or three layers described above are the depth region which can be imaged by OCT due to the limited penetration of the light as shown in Figs. 3(c)-(d) . It is observed that the imaging depth in the region without a copper conductor layer is deeper (Fig. 3(c) ) than that with a copper conductor layer ( Fig. 3(d) ). This can be accounted for by both the strong reflections at the interface between the solder mask layer and the copper conductor layer, and the large attenuation property of the copper conductor layer. It is also found that the conformal coating layer shows two distinct boundaries, resulting from the refractive index discontinuities between the conformal coating layer and its neighboring layers. This allows for developing the coating thickness measurement algorithm based on the image gradient.
The algorithm implementation is illustrated by the flow chart in Fig. 4 with the intermediate results shown in Fig. 5 , and each step is described in detail as follows, step 1 Read an OCT B-scan that is averaged over 5-adjacent original B-scans ( Fig. 5(a) ) and then apply a median filter and a Gaussian filter to further reduce the noise. step 2 To facilitate the detection of the coating layer's boundaries, an artificial boundary called reference boundary (rb) is generated. Each column of the image is convoluted with a 50-by-1 mean filter, and then those pixels with the maximal intensity in each column are connected into a line, which is subsequently smoothed with a Savitzky-Golay filter to generate the reference boundary. The reference boundary is always located in the solder mask layer above the copper foil layer as denoted with a red line in Fig. 5(b) . step 3 A 10-by-1 vertical gradient is calculated on each column of the image according to the equation below: where G is the vertical gradient, INT is the intensity image, i and k represent the pixel's row index, j represents the column index of the pixel. The gradient image is depicted in Fig. 5 (c). step 4 Take the maximal gradient in the depth region above the reference boundary to define a temporary boundary (tb1). Next, the bottom boundary (bb) of the conformal coating layer can be found by searching the pixels with the minimal gradient in the depth region between tb1 and rb in each column. The process of finding tb1 and bb is illustrated by Fig. 5(d) -5(e), wherein the tb1 and bb are denoted with green and blue lines, respectively. step 5 Take the minimal gradient in the depth region above tb1 to define another temporary boundary (tb2) as denoted with yellow line in Fig. 5(f) . The middle line between tb1 and tb2 is considered to be the upper boundary of the coating layer (pink line in Fig. 5(g) ). step 6 Both the detected upper boundary and bottom boundary above are smoothed by a Savitzky-Golay filter and then for each column, the thickness is obtained by measuring the axial gap between the upper boundary and the bottom boundary. It is worth noting that, to obtain the actual physical thickness, the thickness calculated with the algorithm needs to be scaled with the reciprocal of the conformal coating's group index. The group index of the conformal coating is experimentally determined to be 1.408 using the method reported in [24] .
III. RESULTS AND DISCUSSION
In this study, a PCB with conformal coating was chosen for evaluating our method. The PCB was coated with the CC on the basis of modified polyurethane resins (PETERS, ELPEGUARD SL 1301 ECO = FLZ, Peters, Kempen, DEU). In the curing process, the conformal coating was sprayed onto the PCB first, and then underwent a two-step curing process, ultraviolet curing followed by oven curing, which was customized by the PCB manufacturer from the standard protocol provided by the coating manufacturer (the detailed curing protocol cannot be disclosed due to the technical confidentiality required by the PCB manufacturer). Figure 6(a) shows the photograph of the PCB with the conformal coating and the rectangle delineated with red solid line indicates the region scanned by the ultra-high resolution OCT. The en-face view of the OCT image is shown in Fig. 6(b) , appearing to match well with the photograph discussed above. Figure 6 (c) shows a typical OCT B-scan acquired along the dashed line in Fig. 6(a) . The corresponding microscopic cross-sectional image (Fig. 6(d) ) is identified by registering one plating through hole in the microscopic image with the same one in the OCT B-scan. It is clearly seen that the region imaged includes both two-layer structure and threelayer structure as described in Sec. 2.3.2. The two-layer structure is present in a narrow region on the left end of the image, corresponding to the dark green part in Fig. 6(a) . The microscopic cross-sectional view of this region in Fig. 6(d) confirms that this two-layer structure comprises a coating layer seated on top of the solder mask layer. The remaining part of the image appears to be three-layer structured, corresponding to the light green part in Fig. 6(a) . The strong reflection by the third layer implies that this can be the copper foil layer, which was further confirmed by the cross-sectional image in Fig. 6(d) . In addition, the coating layer is almost transparent in the OCT image, however, its refractive index mismatches with the air and the solder mask layer, resulting in two bright edges, which were utilized to segment the coating layer for the thickness measurement. The upper and bottom boundaries of the coating layer generated by our segmentation algorithm are delineated with blue and red lines overlaid on the B-scan (Fig. 6(c) ). Obviously, the blue and red lines match well with the top and bottom boundaries, indicating a fairly good accuracy of our thickness measurement method. The axial distance of the two boundaries in the B-scan can be translated into the real physical thickness by scaling it with the reciprocal of the coating group index (n = 1.408).
To further assess the accuracy of the proposed thickness measurement method, the PCB was sent to one third party to measure the coating thickness in the conventional way after it was imaged by ultra-high resolution OCT. The PCB was cut to get its cross-section exposed under a microscope, which consequently destroyed the PCB permanently. Thus, only one cross-section of the PCB was photographed under microscope as shown in Fig. 6(d) . It is clearly seen that the microscopic image showed a very consistent structure as the B-scan in Fig. 6(c) . The copper layer generated a very strong reflection again, which is similar to the findings in the B-scan. The thickness measurement on the microscopic image was achieved by manually segmenting the coating layer. The segmentation result was represented by the blue and red lines overlaid on the microscopic image. The coating layer thickness is just equivalent to the vertical gap of the two lines above. Figure 7 presents the comparison of the coating layer thickness measured by the two different methods discussed above. Overall, these two methods show a good agreement in the thickness measurement over a range of about 5 mm. The inconsistency was assessed by calculating the difference between the results obtained with the two measurement methods as illustrated in Fig. 7(b) . The difference varied from −4.28 to 2.54 µm, and exhibited an averaged difference of −0.82 µm with a standard deviation of 1.30 µm. Fig. 7(c) is the histogram of the thickness difference distribution in This difference can be partly attributed to the limited resolutions of OCT system (1.72 µm in air) and microscopy (1 µm for the objective-PlanApo D 5 × /0.3, Zeiss, Oberkochen, GER). In addition, the coating measurement algorithm for OCT image and manual measurement for microscopic image can also come with a limited accuracy. These two facts above imply that the difference of about 4 µm between these two methods is reasonably acceptable. Overall, the results demonstrated that ultra-high resolution OCT can provide accurate thickness measurements for the conformal coating on PCB and has the potential to replace the conventional method.
Furthermore, a thickness map was generated by utilizing the three-dimensional imaging capability of OCT. The results are illustrated in Fig. 8 . With the color coding on the thickness, it is easy to catch the thickness variation. For example, there is a sharp thickness change along the white dashed line in the thickness map, which is consistent with the finding shown in the OCT cross-sectional image on the lower-left corner in Fig. 8 . In comparison, the thickness map is very hard to be obtained for the conventional microscopy method because the PCB needs to be processed and cross-sectioned for the thickness measurement. Moreover, the region of interest is selected randomly for the thickness measurement and consequently, it unavoidably takes the risk of missing the problematic coating region. In addition, the thickness measurement on the image acquired under a microscope is usually performed manually. This may lead to an inter-operator variation and slow down the measurement speed compared to our measurement algorithm. All the discussions above indicates that OCT technique allows for a quick mass inspection of the entire coating region on the PCB while this is difficult for the conventional method. Although, from the measurement accuracy point of view, the microscopy method can improve its accuracy by using high numerical aperture objective while this is more difficult for OCT method, however, it suffers from a decrease in field of view and consequently a lower measurement speed. Overall, it can be fairly concluded that OCT has a great potential to replace the conventional microscopy for the thickness measurement of the conformal coating on the PCBs.
IV. CONCLUSIONS
In this study, we explored the feasibility of ultra-high resolution SD-OCT for the conformal coating thickness measurement. A flexible and robust SD-OCT system was developed with a low-cost and an axial resolution of ∼ 1.72 µm. The system cost was mainly due to a low-cost supercontinuum light source (∼10,000 USD) and CCD detector (∼4000 USD, this can be further reduced in the future). High-quality images of the conformal coating can be obtained, and an image segmentation algorithm was also designed to detect and measure the thickness of the conformal coating layer from the highquality OCT images. The measurement results are highly consistent with those by the conventional method, indicating a good efficacy of high resolution OCT in the conformal coating thickness measurement. Compared to the conventional method, the thickness measurement with OCT is rapid and non-destructive, demonstrating that OCT has a good potential to be used for online monitoring of the conformal coating thickness in PCB assembly line. In addition to the thickness inspection, SD-OCT can also be useful to detect and map the localized defects in the PCB conformal coating, which thus helps optimize the coating process. 
